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The presence of secondary processes in electron multiplication under high uniform electric ﬁelds at
atmospheric pressure in pure isobutane was investigated. The experimental setup consists of a
Resistive Plate Chamber-like cell with the anode made of a high resistivity glass (2 1012 O cm) and
a metallic cathode, on which photoelectrons are produced by the incidence of a pulsed laser beam. In
particular, the dependence of the ﬁrst Townsend coefﬁcient (a) on the repetition rate and the intensity
of the UV laser pulses was studied. The E=N range considered spanned from  145 to  200 Td. The a
coefﬁcient was determined by measuring both the primary ionization and the avalanche currents with
the help of an electrometer, directly connected to the cathode. Of all the investigated secondary effects,
only the ohmic drop across the resistive glass has been found to be non-negligible in the present
experimental conditions and has been corrected for. The obtained values are compared with Magboltz
simulation results and presented in tabular form.
& 2012 Elsevier B.V. All rights reserved.1. Introduction
The knowledge of electron transport parameters in gases
(mostly drift velocity and ﬁrst Townsend coefﬁcient) is an
important aid in designing gaseous detectors from proportional
counters to novel micro-structures. Moreover, they can be used to
constrain electron impact cross-sections, relevant in other very
different areas of physics, as in the control of plasma assisted
processing, where discharges in gases are involved. With this
broad-band of application in mind, our group built and commis-
sioned a dedicated setup to experimentally investigate electron
transport in gases [1], on which a ﬁrst round of improvements has
recently been completed concerning laser focussing problems and
ﬁeld non uniformities [2].
The most important results obtained so far concern isobutane, a
commonly used ﬁlling gas in several detectors and a component of a
tissue equivalent mixture for micro and nano dosimeters. The drift
velocity was measured [1] well into the saturation region up to
E=N 200 Td (1 Td¼1021 V m2) for the ﬁrst time, employing
the classical Townsend Time-of-Flight method. The ﬁrst Townsendll rights reserved.
Cidade Universita´ria,
30; fax: þ55 1131339765.coefﬁcient was better measured in our second paper [2], using the
current gain in pulsed mode, covering the same electric ﬁeld range,
where no data were available before. To reach even higher values of
E=N, some technical limitations remain, as well as the difﬁculty of
employing the correct set of transport parameters, once the con-
tinuous (Steady State Townsend) and pulsed (Pulsed Townsend)
regimes cannot be regarded as equivalent. Simulations performed
with the Magboltz code indicated that high ﬁeld effects on the
electron multiplication kinetic, inﬂuencing the deﬁnition of the drift
velocity and of the ionization rate, can be neglected in the range of
ﬁeld strengths considered here [3].
The measurements of electron multiplication in gases can be
distorted by several effects, generally falling into two broad cate-
gories: effects produced by apparatus non idealities and unwanted
physical processes. After having discussed the several improvements
made to our setup [2], the present paper is instead dedicated to
experimental investigations of the physical processes possibly pre-
sent in our system. The focus is again on isobutane in view of the
interesting results previously obtained. By adopting a parallel plate
conﬁguration, avalanche non equilibrium effects [4] around thin
wires have been avoided all together.
The next section is devoted to a classiﬁcation of the effects
mentioned in the previous paragraph, showing how they can be
disentangled using their dependence on E=N, on the laser pulse
repetition rate and on the laser beam intensity. In the third
Table 1
Possible secondary processes in electron multiplication under uniform electric
ﬁelds and their dependences on the parameters changed in the experiment.
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results presented in the forth section. Finally, the results will be
discussed and some conclusions will be drawn.Electric
ﬁeld
Laser beam
intensity
Laser repetition
rate
Space charge (ionic comp.) Increase Linear prop. Linear prop.
Space charge (el. comp.) Increase No effect No effect
Ohmic drop Increase Linear prop. Linear prop.
Recombination avalanche
volume
Decrease Quadratic No effect
Recombination gas volume Decrease Quadratic Quadratic2. Secondary processes in uniform ﬁelds
Basically, in our setup, a uniform electric ﬁeld is established by
means of two parallel plane electrodes. Its peculiarity is the use of
a Resistive Plate Chamber (RPC)-like structure with a glass
covered anode to protect the system from sparks, since it is
operated at atmospheric pressure. The electron cloud is started by
shining a UV laser on the cathode and the fast induced signals (i.e.
electronic) as well as the total integrated current (i.e. electronic
plus ionic) are measured with a scope and an electrometer,
respectively (further details will be given in Section 3). There
are ﬁve physical processes which can possibly be present in the
current conditions and will be investigated experimentally:
(i) avalanche space charge effects produced by the ions left
behind from previous pulses, (ii) avalanche space charge effects
within a single electron cloud, (iii) effects of the ohmic drop in the
resistive glass anode, (iv) recombination processes inside a single
electron cloud and (v) recombination with ions left behind from
previous pulses.
Experimentally, the measured fast pulses induced by electron
movement have a typical duration of  1 ns and ion drift
velocities are  103 times the electron ones, giving an estimated
time of  1 ms to fully remove all charges from the gas gap.
Because the typical repetition rates used in our setup do not
exceed 20 Hz, the gas gap is completely emptied from all charges
before a new pulse arrives, excluding effects (i) and (v) with
ample margins.
From experimental investigations [5,6] and calculations [7]
referring to typical RPC detector conditions (where electric ﬁeld
strengths are about twice the maximum value reached here), it is
known that at some point the charge density inside the electron
cloud is so high that its ﬁeld starts to modify the externally
applied one, effectively reducing the multiplication. It is impor-
tant to note that such observations refer to atmospheric pressure,
where the electron diffusion is small increasing the charge
density in the electron cloud and hence the space charge ﬁeld.
In fact, at low pressures, transport parameters are routinely
measured for E=N values even one order of magnitude higher
than considered in the present work, without any signiﬁcant side
effect resulting from space charge [8,9]. Because some indications
of space charge in pure isobutane have been found at atmospheric
pressure [6] and nothing is known experimentally about the
diffusion coefﬁcients in this gas, rendering calculations difﬁcult,
the question is worth to be studied experimentally.
Measurements done with a cylindrical proportional counter
employing a resistive glass cathode under X-ray irradiation
[10,11] and with RPC cells exposed to gamma rays [12] have
indicated the presence of an ohmic drop in the resistive electrode
reducing the applied electric ﬁeld. This conclusion depends, of
course, on the resistance of the glass, the average charge pro-
duced per pulse and ﬁnally the repetition rate.
Recombination processes are well known to be present experi-
mentally in the ionization chamber regime and they are respon-
sible, for example, for the deviation of the response to light
particles and to heavy ions from a simple scaling with ionization
energy loss (also known as pulse-height-defect). A quantitative
estimate is again rendered difﬁcult by the lack of knowledge on
the recombination and diffusion coefﬁcients in pure isobutane.
A direct experimental approach has been followed in the
present work. Three parameters are easily available to be changed
in our setup: (i) the electric ﬁeld strength (or more precisely theapplied voltage), (ii) the laser beam intensity and (iii) the laser
repetition rate. The dependence of each of the ﬁve effects on these
three experimentally accessible quantities is summarized in
Table 1. The most interesting feature to be observed is that these
experimental parameters are not redundant and, if the full
behavior of each of them is known, a mutually exclusive situation
can be reached allowing to identify unambiguously the physical
mechanism at work.3. Experimental setup
Details on the experimental setup, mainly concerned with the
mechanical construction and electronics, were given elsewhere
[1,2]. A similar technique has also been employed by other groups
[13,14]. Only few information relevant for what follows will be
recalled. The cathode was made with an aluminum plate (40 mm
diameter) and the anode consisted of a high resistivity (2 1012 O
cm) glass slab of 3.5 mm thick and 32:5 mm 32.5 mm area. The
glass anode was glued on a brass plate (14 mm diameter) elec-
trically insulated from the chamber by a piece of steatite 20 mm
diameter and 30 mm long. The distance between the electrodes
was adjusted by the means of micrometers and all measurements
were carried out with 1.50 mm gas gap. High voltage was applied
to the brass plate through a low-pass ﬁlter circuit (for details see
Ref. [2]).
The primary electrons were liberated from the cathode by the
incidence of a low divergence nitrogen laser beam (MNL200-LD
LTB) with 337.1 nm wavelength. The beam has 1 mm 2 mm
dimensions, 700 ps pulse duration and nominal pulse energy of
about 100 mJ at 15 Hz. The pulse repetition rate can be controlled
and adjusted from 10 Hz up to 20 Hz via an interface with a PC. In
order to perform measurements under different primary ioniza-
tion conditions, the beam intensity was varied by using cover-
slips, calibrated to the laser wavelength, as attenuators. The
average current was measured with an analogic electrometer
Keithley 610C with accuracies of 2% and 4% of full scale on 0.3 to
1011 A and on 3 1012 to 1014 A ranges, respectively. The
capacitances involved in the circuit were chosen to meet the
requirements of pulse current integration by the external cham-
ber network for all laser repetition rates considered in the present
study. All measurements were performed at room temperature
( 20 1C) and atmospheric pressure ( 940 hPa) in a ﬂowing gas
regime. Isobutane of 99.9% purity from Praxair was introduced in
the chamber without further puriﬁcation.4. Results
The attention was focused on the ﬁrst Townsend coefﬁcient
because it is the most sensitive transport parameter to any
change in the electric ﬁeld due to its exponential dependence.
On the contrary, the drift velocity is almost saturated in the E=N
Table 2
Values of the ﬁrst Townsend coefﬁcient a=N obtained with different laser
repetition rates. Data are presented in Fig. 1. The total uncertainties were
estimated to 15%. The Eeff=N columns refer to the effective E=N corrected for the
ohmic drop across the glass anode as explained in the text.
Voltage E=N Eeff=N a=N Eeff=N a=N Eeff=N a=N
V Td Td 1024 m2 Td 1024 m2 Td 1024 m2
10 Hz 15 Hz 20 Hz
5000 143 143 13:071:9 143 13:172:0 143 15:872:4
5500 158 158 2974 158 2774 158 3275
6000 172 172 66710 172 6379 172 67710
6200 178 177 85713 177 81712 177 85713
6400 184 183 108716 183 104716 182 108716
6600 189 187 131720 187 126719 187 128719
6800 195 191 152723 191 143721 190 146722
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advantageous to determine a=N by measuring the current growth,
because any uncertainty in the drift velocity is not involved and
the sensitivity to electronic noise is lower. The avalanche (I) and
primary ionization (I0) currents are measured and then a is
obtained as lnðI=I0Þ=d where d is the gas gap thickness. Despite
this equation is derived from the Steady State Townsend (SST)
technique, we have assumed that it holds to good approximation
for pulsed irradiation of the cathode. A validation of this method
with nitrogen, a very well-known gas, has been presented in our
previous work [2].
Measurements of the ﬁrst Townsend coefﬁcient as a function
of E=N in pure isobutane were performed within the range of
1452194 Td for different laser beam repetition rates and inten-
sities (see Figs. 1 and 2). Considering that over the E=N range
covered by this work there are no experimental values for pure
isobutane available in the literature, to the best of our knowledge
except for those of our previous paper, the results obtained were
compared with those calculated by Magboltz 2 versions 7.1 andFig. 1. First Townsend coefﬁcient normalized to the gas density for i C4H10
(isobutane). Magboltz results (continuous, dash dot and dashed lines, see text for
details) and measured values with different laser beam repetition rates (square,
triangle and side triangle).
Fig. 2. First Townsend coefﬁcient normalized to the gas density for i C4H10
(isobutane). Magboltz results (continuous, dash dot and dashed lines, see text for
details) and measured values with different attenuators at 20 Hz (star, circle,
pentagon and lozenge).8.6 [15–18]. Magboltz is a Monte Carlo code developed by S. Biagi
to calculate electron transport parameters in the Steady State
Townsend (SST) and Pulsed Townsend (PT) regimes simulating
individual electron–atom collisions. The energy sharing in ioniz-
ing encounters between the original electron and the newly
released one is parametrized with the Opal et al. [19] form. The
anisotropy of the cross-sections can be included, if supported by
the speciﬁc set used. Since Magboltz 2 version 8.2, the choice of
the parametrization of the anisotropies is available between the
form of Capitelli and Longo [20] (option 1) and the one of
Okhrimovskyy et al. [21] (option 2). For the present discussion,
Magboltz 2 version 7.1 and Magboltz 2 version 8.6 have been
selected because they were available from our previous studies
[1,2] and because they have different cross section sets for
isobutane, namely ‘‘ISO 1999’’ and ‘‘ISO 2009’’, respectively. After
‘‘ISO 2009’’ no further development of the cross section set for
isobutane has been done to the present date. The ‘‘ISO 1999’’
cross-section set is only isotropic, while ‘‘ISO 2009’’ allows the
mentioned choices, but for simplicity only the isotropic case and
option 2 are reproduced in Figs. 1 and 2. The lines are exactly the
same as those presented in Fig. 4 of Ref. [2] and serve the main
purpose of providing an immediate visual reference for the
reader. It seems that the older cross-section set ‘‘ISO 1999’’ gives
a=N values closer to our data. However, this is not the main focus
of attention here. A careful comparison of the results for the two
cross-section sets and for the parametrizations of the anisotropies
in the ‘‘ISO 2009’’ case can be found in our previous work [2].
Their explanation or discussion will not be repeated here. The
present data are fully consistent with those of Ref. [2]. The total
uncertainties were estimated in 15% by comparing the results
taken in several runs, at the same E=N, the same laser repetition
rate and beam intensity.
Even when repetition rates were varied from 10 to 20 Hz and
the laser beam intensity was reduced in steps down to 66%, all the
a=N values obtained by the current method agree, within the
quoted uncertainty. To allow the reader to better assess the
quantitative agreement between the different cases, the data of
Figs. 1 and 2 are also reproduced in Tables 2 and 3, respectively.5. Discussion of the results
In the E=N range examined here, the agreement between the
values obtained for a=N with different laser repetition rates and
laser intensities exclude an important presence of secondary
processes. This is very reassuring because it validates the results
presented here and in the previous publications [1,2]. While, as
mentioned in Section 2, the absence of a contribution from ions left
behind from previous pulses can be expected, the same conclusion
is not so obvious for the electron space charge. In fact, according to
Table 3
Values of the ﬁrst Townsend coefﬁcient a=N obtained with different laser intensities. Data are presented in Fig. 2. The repetition rate was 20 Hz. The total uncertainties
were estimated to 15%. The Eeff=N columns refer to the effective E=N corrected for the ohmic drop across the glass anode as explained in the text.
Voltage E=N Eeff=N a=N Eeff=N a=N Eeff=N a=N Eeff=N a=N
V Td Td 1024 m2 Td 1024 m2 Td 1024 m2 Td 1024 m2
100% 87% 76% 66%
5000 143 143 10:071:5 143 8:471:3 143 9:671:4 143 11:471:7
5250 150 150 1773 150 1873 150 1873
5500 158 158 2574 158 2774 158 2874 158 2974
5750 165 165 4276 165 4477 165 4276 165 4677
6000 172 172 66710 172 6279 172 65710 172 64710
6200 178 177 84713 177 85713 177 84713 177 85713
6400 183 181 103715 182 103716 182 106716 182 110716
6600 189 186 116717 185 122718 187 115717 187 129719
6800 195 188 136720 189 136720 190 142721 191 145722
Fig. 3. Ohmic drop across the glass anode corresponding to the measured current
at the nominal laser beam intensity and the maximum repetition rate of 20 Hz.
The other values assumed in this calculation are described in the text.
Fig. 4. First Townsend coefﬁcient normalized to the gas density for i C4H10
(isobutane). Magboltz results (continuous, dash dot and dashed lines, see text for
details) and measured values with different laser beam repetition rates (square,
triangle and side triangle). The E=N values have been corrected for the ohmic drop
across the glass anode to obtain an effective Eeff=N as explained in the text.
Fig. 5. First Townsend coefﬁcient normalized to the gas density for i C4H10
(isobutane). Magboltz results (continuous, dash dot and dashed lines, see text for
details) and measured values with different attenuators at 20 Hz (star, circle,
pentagon and lozenge). The E=N values have been corrected for the ohmic drop
across the glass anode to obtain an effective Eeff=N as explained in the text.
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charge has to become important. These cross-checks will have to be
repeated in the future and might possibly set an ultimate limit to
the highest E=N which can be covered at atmospheric pressure
without important distortions.
The ohmic drop can be calculated from the measured current
across the gap and the resistivity of the anode glass (2 1012 O cm),
once the area of the laser beam projected onto the cathode is
known. To this end, a foil of millimetric paper was overlaid on the
electrode keeping the same geometric conﬁguration used in the
measurements. In particular, the inclination of the beam neces-
sary to enter the gap has been accurately reproduced. The
projected spot had dimensions of 35 mm2. In Fig. 3 the
measured current and the calculated ohmic drop across the anode
(right vertical scale) are depicted in the worst possible case of the
full nominal laser intensity and the highest repetition rate of
20 Hz. For comparison, the applied voltage is given in the upper
horizontal scale of the same ﬁgure. The correction to the applied
voltage reaches  2:5% in the last point and is not completely
negligible. For this reason, Figs. 4 and 5 show the same data of
Figs. 1 and 2, but now with an effective Eeff=N value, calculated
from the voltage across the gap corrected for the ohmic drop. The
same information is also included in Tables 2 and 3 with an extra
column (labelled Eeff=N). The resistivity of the glass r depends on
its temperature, which is not controlled in our setup. Using the
Fig. 6. Ionic (circle) and electronic (square) contribution to the total induced
charge at 20 Hz. The smooth line is intended only to guide the eye.
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Table 1 of Ref. [22]) and considering a typical temperature
variation of  72 1C, a corresponding change in r of  20% is
estimated. The latter uncertainty on r dominates over the
measurement error on r and on the current. Because the correc-
tion grows with the ohmic drop, the error remains negligible but,
on the last point, where it is indicated with an horizontal bar
(almost the size of the symbols) in Figs. 4 and 5. It is clearly visible
that the saturation of a apparent at the highest values of E=N in
Figs. 1 and 2 has been fully removed in Figs. 4 and 5. Hence, once
the effect of the ohmic drop has been corrected away, a=N
continues to grow with Eeff=N like in the Magboltz 2 simulation.
From the classical theory of current growth in gases, the
components due to electrons Q (or ions Q þ ) of the total induced
charge QTotal are related to the ﬁrst Townsend coefﬁcient and the
avalanche length [23,24]. In the present conﬁguration, the initial
electrons are released from the cathode, hence the avalanche
length is just the gap d between the electrodes. Then, neglecting
secondary ionization processes, the classical formulae can be
rewritten as
Q
QTotal
¼ 1e
ad
ad
Q þ
QTotal
¼ adþe
ad1
ad
8>><
>>:
: ð1Þ
By using the values of a obtained in this work, Q=QTotal and
Q þ =QTotal can be calculated as a function of Eeff=N and are
reported in Fig. 6. For Eeff=N higher than 165 Td, the main cause
of induction is the movement of positive ions. As a consequence
of the agreement among the a=N values, these calculations are
not affected by the laser repetition rate and the beam intensity, so
that only one case is reproduced in Fig. 6.6. Conclusions
In this work, the investigation of the possible limitations
present in our dedicated setup to measure electron transport
parameters has been carried one step forward, excluding the
presence of secondary processes in the E=N range covered so far,except for the ohmic drop across the resistive anode toward the
last points. This effect has been corrected for. Such conclusions
are based on a study of the stability of the results (in particular
the ﬁrst Townsend coefﬁcient, the most sensitive transport
parameter to even a modest variation in the electric ﬁeld
uniformity) with the laser repetition rate and beam intensity.
As a main result interesting to a broader community, the
determination of the ﬁrst Townsend coefﬁcient contained in the
previous paper has been fully validated. It is made available here
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